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Abstract
Supersymmetric models with sub-TeV charginos and sleptons have been a candidate
for the origin of the long-standing discrepancy in the muon anomalous magnetic mo-
ment (g − 2). By gathering all the available LHC Run 2 results, we investigate the
latest LHC constraints on models that explain the anomaly by their chargino con-
tribution to the muon g − 2. It is shown that the parameter regions where sleptons
are lighter than charginos are strongly disfavored. In contrast, we find that the mod-
els with mµ˜L & mχ˜±1 are still widely allowed, where the lighter chargino dominantly
decays into a W -boson and a neutralino.
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1 Introduction
There is a long-standing discrepancy between the theory and experimental value in the
anomalous magnetic dipole moment of the muon (muon g − 2),
aµ ≡ gµ − 2
2
, (1)
where gµ is the magnetic moment of the muon. The Standard Model (SM) value is
composed of the QED [1, 2], electroweak [3–6], hadronic vacuum polarization [7, 8], and
hadronic light-by-light [9, 10] contributions.#1 The latest results are
aSMµ =
{
(11 659 181.08± 3.78)× 10−10 [7],
(11 659 183.0± 4.8)× 10−10 [8], (2)
#1It was reported [11] that an independent estimation of the purely photonic five-loop contribution to
ae became inconsistent with the result of Ref. [2]. Besides, see, e.g., Ref. [7] for recent progresses on the
hadronic light-by-light contribution.
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depending especially on estimation of the hadronic vacuum polarization. On the other
hand, the result of the E821 experiment at Brookhaven is [12–14]#2
aBNLµ = (11 659 208.9± 5.4stat ± 3.3sys)× 10−10 . (3)
These values correspond to 3.8 and 3.3σ level discrepancies, respectively:
∆aµ ≡ aexpµ − aSMµ =
{
(27.8± 7.4)× 10−10 [7],
(26.1± 7.9)× 10−10 [8]. (4)
A new measurement of aµ is underway at Fermilab and their first result is expected to
be announced in the near future [16, 17]. Besides, an independent experiment with new
techniques is in preparation at J-PARC [18,19].
The discrepancy is as large as the SM electroweak contribution, aµ(EW) = (15.4 ±
0.1)× 10−10. This implies that physics beyond the SM (BSM) exists in a scale around or
lower than the scale of order 100 GeV–1 TeV. Among various BSM solutions to the muon
g − 2 discrepancy, low energy supersymmetry (SUSY) is still one of the most attractive
models. The SUSY contributions to the muon g − 2 (aSUSYµ ) can naturally saturate the
discrepancy, when electroweakinos and sleptons have masses of O(100) GeV, while keeping
its advantages such as the stability of the electroweak scale, the gauge coupling unification,
and the existence of the dark matter candidate as the lightest SUSY particle (LSP).
In this paper, we revisit the SUSY explanation for the muon g − 2 anomaly. The
electroweakinos and sleptons of O(100) GeV are targets of LHC searches. We aim to
provide a direct test of the SUSY scenario at the LHC. We consider the minimal model
setup, i.e., it is assumed that the SUSY particles relevant for the muon g − 2 are light,
while the irrelevant ones are decoupled. We investigate whether those particles are already
excluded by/survive the latest LHC constraints.
In particular, we focus on the parameter regions where the chargino contribution to
the muon g − 2 is dominant. As it is likely to be larger than the other contributions, it is
important to clarify their viability after the LHC Run 2. Such a setup has been examined
in our previous study [20] based on the early results from the LHC Run 1 [21–23]. The
LHC sensitivities have been improved in various aspects afterwards. In Ref. [20], pair-
productions of electroweakinos decaying into the SM bosons were too weak to constrain
the SUSY models considered. However, studies of these channels as well as those for
the slepton pair-production have progressed significantly. We will show that they become
newly relevant for the scenario. Moreover, the sensitivity of the three lepton channel,
which gave the leading constraints in Ref. [20], is improved as well. The list of the LHC
Run 2 results used/checked in our study is summarized in Appendix C. We will also see
that a large parameter region still survives the LHC constraints.#3
For recent studies of the muon g−2 motivated SUSY models based on the LHC Run 2
results, see, e.g., Refs. [25–43].
#2The value of aBNLµ we quote is calculated with the latest value of the muon-to-proton magnetic ratio,
µµ/µp = −3.183 345 142(71), taken from the 2018 CODATA recommended values [15].
#3One may consider several scenarios that explain ∆aµ but are very elusive at collider experiments. For
example, models with mµ˜L and mµ˜R being O(100) GeV and µ 1 TeV may provide the BLR contribution,
aBLRµ of Eq. (8), large enough to explain the anomaly, but it is very challenging to search for such models
at colliders if M1 ' mµ˜L ' mµ˜R [24, 92].
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This paper is organized as follows. We describe SUSY parameter regions focused in
this paper in Sec. 2 and show our main results in Fig. 1. The detailed analyses of the
LHC bounds are given in Sec. 3, and Sec. 4 is devoted to conclusions and discussion. In
Appendix A, we provide extra materials and additional discussions of our study, and
in Appendix B, the relations of the neutralino-chargino production cross sections are
discussed. Appendix C summarizes the list of the LHC Run 2 results used/checked in
our analysis.
2 Setup
In SUSY models, radiative corrections to the muon g − 2 can be amplified when tanβ is
sizable and at least three SUSY multiplets are as light as O(100) GeV, where tanβ = vu/vd
is the ratio of the vacuum expectation values of the up- and down-type Higgs. They are
classified into four types: WHL, BHL, BHR, and BLR. Each of the names describes
the SUSY particles yielding the contribution; B, W, H, L, and R stand for bino, wino,
higgsino, left-handed and right-handed sleptons, respectively. They are given under the
mass-insertion approximation by [44]#4
aWHLµ =
α2
4pi
m2µ
M2µ
tanβ · fC
(
M22
m2ν˜µ
,
µ2
m2ν˜µ
)
− α2
8pi
m2µ
M2µ
tanβ · fN
(
M22
m2µ˜L
,
µ2
m2µ˜L
)
, (5)
aBHLµ =
αY
8pi
m2µ
M1µ
tanβ · fN
(
M21
m2µ˜L
,
µ2
m2µ˜L
)
, (6)
aBHRµ = −
αY
4pi
m2µ
M1µ
tanβ · fN
(
M21
m2µ˜R
,
µ2
m2µ˜R
)
, (7)
aBLRµ =
αY
4pi
m2µM1µ
m2µ˜Lm
2
µ˜R
tanβ · fN
(
m2µ˜L
M21
,
m2µ˜R
M21
)
, (8)
where M1 (M2) is the bino (wino) soft-mass parameter, µ is the higgsino mass parameter,
and mµ˜L/R and mν˜µ are the masses of the left/right-handed smuon and the muon sneutrino,
respectively. Note that aWHLµ is the sum of the charged- and neutral-wino contributions
(cf. Refs. [20, 28]). The loop functions are given by
fC(x, y) = xy
[
5− 3(x+ y) + xy
(x− 1)2(y − 1)2 −
2 lnx
(x− y)(x− 1)3 +
2 ln y
(x− y)(y − 1)3
]
, (9)
fN (x, y) = xy
[−3 + x+ y + xy
(x− 1)2(y − 1)2 +
2x lnx
(x− y)(x− 1)3 −
2y ln y
(x− y)(y − 1)3
]
, (10)
which satisfy 0 ≤ fC/N (x, y) ≤ 1, fC(1, 1) = 1/2 and fN (1, 1) = 1/6. When all the SUSY
particle masses are the same size, the chargino contribution aWHLµ coming from the wino,
higgsino, and left-handed smuon is larger by an order of magnitude than the others.
This work focuses on the scenarios in which the chargino contribution dominates the
SUSY contributions to the muon g− 2. Among SUSY particles, neutralinos χ˜0i , charginos
#4In the numerical calculation, we do not use these approximations but use the package
GM2Calc 1.5.0 [45]. See discussion below.
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χ˜±j , and left-handed sleptons l˜L, ν˜ are left within the LHC reach, i.e., with masses of
. 1 TeV, while the other SUSY particles are decoupled. Such a setup is minimal to realize
sizable chargino contributions, and thus, provides a direct test of the scenario at the LHC.
More specifically, our set-up is summarized as follows.
• All the colored SUSY particles (gluino and squarks) are decoupled. This assumption
makes the LHC constraints more conservative, while their contribution to the muon
g−2 are negligibly small even if they are light because it arises at the two-loop level.
Heavy colored SUSY particles are motivated by the mass of the SM-like Higgs boson
as well as by LHC constraints.
• The heavy Higgs bosons, whose contributions to aSUSYµ are also negligible, are decou-
pled as well.#5
• The right-handed sleptons l˜R are heavy. Then, the BHR and BLR contributions to
the muon g− 2 are suppressed, and hence, our analysis is simplified. We also neglect
the scalar trilinear terms (Ae)ij for simplicity.
• The soft masses of the left-handed sleptons are flavor universal and diagonal.
Then, the following five model parameters are left relevant,
M1,M2, µ,m
2
L, tanβ, (11)
where mL represents the universal soft mass for the left-handed sleptons. Although the
bino mass is irrelevant for aWHLµ , it is left small such that the LSP is the bino-like light-
est neutralino. In the present analysis, we consider the following four subspace of the
parameters:#6
(A) M1 =
1
2
M2, µ = M2, tanβ = 40,
(B) M1 =
1
2
M2, µ = 2M2, tanβ = 40,
(C) mχ˜01 = 100 GeV, µ = M2, tanβ = 40,
(D) mχ˜01 = 100 GeV, µ = 2M2, tanβ = 40.
(12)
In the cases (C) and (D), M1 is chosen to have the same sign as M2. Two free parameters
are left in each subspace.
In the following analysis, the SUSY mass spectra and mixing matrices are calculated
at the tree level. Decay rates of SUSY particles are calculated by SDECAY 1.5a [48, 49].
The SM parameters are taken from Ref. [50] except for the Higgs boson mass, which we
fix to be 125.0 GeV.
The values of aSUSYµ are calculated by GM2Calc 1.5.0 [45] with the tanβ resummation.
Although it can evaluate the relevant contributions to aSUSYµ at the two-loop level [51,52],
#5Note that the heavy Higgs bosons are already strongly constrained by pp → H/A → ττ searches
when tanβ is sizable. For instance, for tanβ = 40, the ATLAS and CMS collaborations set a bound of
MA & 1.5 TeV by
√
s = 13 TeV and
∫
dtL = 36 fb−1 [46, 47]. In such a case, the heavy Higgs bosons
are well decoupled in the neutral CP-even Higgs sector, and we have checked that branching ratios of the
electroweakinos, which are relevant parameters in our analysis, are stable against the choice of the masses.
#6The relation M1 = M2/2 in (A) and (B) is inspired by the GUT relation. This setup is similar to the
ones used in the previous work [20], in which we assumed that M1 : M2 : M3 = 1 : 2 : 6. See also the
discussion in Sec. 4.
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we do not include them and use the one-loop result so that aSUSYµ is independent of the
masses of the decoupled SUSY particles. Since we assume that µ˜R is decoupled and
M2 ≤ µ, aSUSYµ is dominated by aWHLµ with a subleading effect from aBHLµ :
aSUSYµ ' aWHLµ + aBHLµ . (13)
Our estimation is subject to uncertainties coming from radiative corrections to the masses
and mixings, higher order contributions to aSUSYµ , and the right-handed slepton mass
parameter mR, which we take mR = 3 TeV in the numerical calculation.
Our main results are summarized in Fig. 1, where aSUSYµ and the constraints from the
LHC Run 2 are shown.#7 The horizontal and vertical axes are the physical masses of the
lighter chargino χ˜±1 and the left-handed smuon µ˜L, respectively. The SUSY contribution to
the muon g−2 is shown by the black solid contours in terms of aSUSYµ ×1010; the results are
shown up to aSUSYµ = 50×10−10 and further contours are omitted for visibility. In addition,
the parameter spaces where aSUSYµ solves the discrepancy ∆aµ = (27.8±7.4)×10−10 at the
1σ (2σ) level are shown by the orange-filled (yellow-filled) regions. The LHC constraints
are shown by blue-filled regions, red-filled regions, and magenta lines. We discuss each of
the constraints in the following section.
We do not address the relic abundance of the LSP, but concentrate on the parameter
region where the lightest neutralino is the LSP. The region with the sneutrino LSP is
displayed in the plots by gray-filled region.
The red-hatched region in Fig. 1A shows the parameter space in which all the two-body
decays of χ˜02 and/or χ˜
±
1 are kinematically forbidden. LHC constraints are strict in such
cases and the region is expected to be excluded [20], but definitive conclusion requires
dedicated analysis with Monte Carlo simulation. Hence, we do not discuss the region in
this work.
3 LHC bounds
In the present setup, the neutralinos, charginos, and sleptons are the targets at the LHC.
We consider the following channels which have been studied by the ATLAS and CMS
collaborations:
SLSL: pp→ ˜`L ˜`∗L → (`χ˜01)(¯`χ˜01) , (14)
CC/WW: pp→ χ˜+1 χ˜−1 → (W+χ˜01)(W−χ˜01) , (15)
NC/HW: pp→ χ˜02χ˜±1 → (hχ˜01)(W±χ˜01) , (16)
NC/ZW: pp→ χ˜02χ˜±1 → (Zχ˜01)(W±χ˜01) , (17)
NC/3L: pp→ χ˜02χ˜±1 →
{
(ll˜L)(νl˜L)→ (llχ˜01)(νlχ˜01) ,
(ll˜L)(lν˜)→ (llχ˜01)(lνχ˜01) .
(18)
Here and hereafter, ` = e, µ, ˜`L = e˜L, µ˜L, l = e, µ, τ , l˜L = e˜L, µ˜L, τ˜L, and ν˜ = ν˜e,L, ν˜µ,L, ν˜τ,L.
The corresponding diagrams are exhibited in Fig. 2. Although more channels have been
studied by the experiment collaborations, we found that they are less sensitive under our
#7All the limits are given at the 95% confidence level in this paper.
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Figure 1: LHC Run 2 bounds on the chargino-dominated SUSY scenario for the muon
g − 2 anomaly. Four parameter spaces with tanβ = 40, Eq. (12), are considered. The
black contours show aSUSYµ × 1010, but lines corresponding to > 50 are omitted; aSUSYµ =
(27.8 ± 7.4) × 10−10 is satisfied in the orange-filled (yellow-filled) regions at the 1σ (2σ)
level. The thick black line corresponds to mµ˜L = mχ˜±1
. The gray-filled region, where the
LSP is ν˜, and the red-hatched region in (A), which corresponds to a compressed spectrum
(see the text), are not studied. The LHC constraint from the CC/WW (NC/HW) analysis
is shown by the red-filled regions with the dash-dotted (dashed) boundaries. The blue-
filled regions are excluded by the SLSL analysis. The constraints from the NC/3L analysis
are investigated on the model points with x = 0.05, 0.5, and 0.95 (see Eq. (38)), where
the exclusion ranges are shown by the magenta lines.
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Figure 2: Feynman diagrams of the processes we investigate. Here, ` = e, µ and l = e, µ, τ .
setup. See also Appendices A and C for details of the analysis of the LHC constraints and
the summary of the LHC Run 2 results investigated in our study, respectively.
Since the electroweakinos are mixtures of the bino, wino, and higgsino gauge eigen-
states, the production cross sections and the decay patterns are determined by the mixing
composition and thus dependent on the parameters in Eq. (11). This is contrasted to
typical setups in analyses of the ATLAS and CMS collaborations. LHC constraints are
usually reported on simplified models, e.g., some of the branching ratios are fixed to be
unity. Therefore, to obtain LHC constraints on the SUSY models motivated by the muon
g−2 anomaly, we need to interpret the LHC constraints in terms of the model parameters
of our interest (cf. Ref. [20]).
The ATLAS and CMS collaborations usually report upper limits (UL) on production
cross sections, σUL, in a simplified scenario. When we focus on a specific signal region
(SR), it is related to the upper limit on the number of events in this SR, NUL, by
NUL∫
dtL = (A× E)|original · σUL;original , (19)
where
∫
dtL is the integrated luminosity, A the acceptance, and E the efficiency. A label
“original” is introduced to clarify that the values are for the original simplified scenario by
the ATLAS and CMS collaborations. The left-hand side is independent of the processes or
models. The dependence is contained in the right-hand side. Accordingly, the constraints
can be applied to any model X by calculating the acceptance and efficiency. The upper
limit on the production cross section under the model, σUL;X , is derived as
σUL;X =
(A× E)|original
(A× E)|X · σUL;original . (20)
Although the acceptance and efficiency, (A×E)|X , may be estimated by Monte Carlo
simulation with detector simulation, it is not straightforward to recast the experimental
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results in generic models because recent LHC analyses become more and more involved.
The results obtained by Monte Carlo simulation are subject to extra uncertainties. In
Ref. [20], we assigned an extra 30% uncertainty, though the number was without rigorous
justification. Therefore, even if we emulate the LHC searches by ourselves, we are not able
to evaluate the credibility of the results in a quantitative manner. The results should be
regarded only as a qualitative guideline. In this work, we refrain from emulating the LHC
searches by Monte Carlo simulation in order to avoid such extra uncertainties. Instead, we
reinterpret the reported LHC constraints in our model points directly. If the kinematics of
the process in our model point imitates the original one, i.e., when the mass spectrum of
the SUSY particles relevant for the SR is the same as that in the LHC analysis, we recast
the experimental results by approximating the ratio as
(A× E)|original
(A× E)|X ≈
Boriginal
BX
, (21)
where the right-hand side is estimated from branching ratios of the final-state particles.
See the following subsections for explicit cases. Note that we do not combine the con-
straints from multiple SRs but study them separately; the interpreted constraints will be
conservative, i.e., weaker than the ones we could obtain with full emulation, but free from
extra uncertainty and justifiable. Then, the model is excluded if the theoretical production
cross section σX satisfies
σX > σUL;X =
Boriginal
BX
σUL;original . (22)
In the following, we explain the LHC bound for each channel.
3.1 Slepton pair-production (SLSL)
Model points with light sleptons are constrained by searching for pair-productions of the
sleptons (Fig. 2a):#8
pp→ ˜`L ˜`∗L → `χ˜01 ¯`χ˜01 . (23)
Currently, the ATLAS collaboration provides the most severe constraint by studying the
two leptons plus missing transverse energy signature (2` +  ET) at
√
s = 13 TeV and∫
dtL = 139 fb−1 [54]. In the ATLAS analysis, it is assumed that e˜L, e˜R, µ˜L, and µ˜R are
mass-degenerate and that each slepton decays into a lepton and the lightest neutralino
with a 100% branching ratio. In our setup, only the left-handed sleptons are light, and
Br(˜`→ `χ˜01) 6= 1 because ˜`→ ν`χ˜−1 can be open. Hence,
BX
Boriginal
= Br(˜`L → `χ˜01)2 (24)
is used to compare the experimental bound with the theoretical production cross section
as stated in Eq. (21).#9 The experimental bound, σUL;original, is provided in Ref. [55] and
the cross section, σX , is available with the NLO-NLL accuracy [56–61].
#8The process pp→ τ˜Lτ˜∗L is searched for by the two hadronic taus plusET signature, but no constraint
is obtained for mχ˜01
> 100 GeV [53]. Also, its contribution to the 2` +ET signature is negligible because
of the smaller branching ratio.
#9For the process in Eq. (23), although the full acceptance and efficiency should also depend on kinematics
of the final states, SR cuts, and details of the detectors, all of these factors are the same as in the ATLAS
analysis if masses of the slepton and the lightest neutralino are the same as their setup. Consequently, all
the factors except for the branching ratio cancel out in the ratio of (A× E) in Eq. (20).
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In Fig. 1, the LHC constraints from the SLSL channel are shown by the blue-filled
regions. For mµ˜L & mχ˜±1 , the decay channel
˜`→ ν`χ˜−1 is open, and thus, BX/Boriginal  1,
i.e., the events are less accepted than those in the ATLAS simplified model, so that weaker
constraints are obtained. Note that further regions could be excluded by taking account
of the slepton cascade decays, e.g., ˜`→ ν`χ˜−1 → ν`W−χ˜01 → ν``′ν`′χ˜01. However, we do
not discuss them because definitive conclusion requires dedicated study with Monte Carlo
simulation.
For mµ˜L < mχ˜±1
, BX/Boriginal ' 1 and thus the masses of ˜`L and χ˜01 determine the
constraint. In the cases of M1 = M2/2, the constraint is loosened for heavier χ˜
±
1 because
m˜` gets closer to mχ˜01 . In the cases of M1 = 100 GeV, Figs. 1C and 1D, the regions
with 200 GeV < m˜`
L
< 634 GeV are excluded.#10 The regions of m˜`
L
< 200 GeV and
> 634 GeV are not excluded by this channel because of the mass degeneracy and the
smaller production cross section, respectively.
3.2 Chargino pair-production (CC/WW)
The next channel is the chargino pair-production, pp → χ˜+i χ˜−j . Let us first focus on the
production of the lightest pair, χ˜+1 χ˜
−
1 . If χ˜
±
1 is heavier than l˜L, the charginos decay via
sleptons,
pp→ χ˜+1 χ˜−1 → (νl˜∗L or l¯ν˜)(ν¯ l˜L or lν˜∗)→ (νl¯χ˜01)(ν¯lχ˜01) , (25)
which provides the 2` + ET signature (cf. Ref. [54]). However, such models also include
the NC/3L process, Eq. (18), which we discuss in Sec. 3.5. The constraints from the
NC/3L process generally give stronger constraints because it provides more characteristic
signature such as the 3`+ ET or same-sign 2` plus  ET signatures and also because it has
a larger cross section (see Fig. 6 in Appendix A.1). We have checked that the constraints
from Eq. (25) are weaker than those from the NC/3L in our model points and we do not
discuss those further.
If χ˜±1 is lighter than l˜L, two W bosons are generated from charginos (Fig. 2b),
pp→ χ˜+1 χ˜−1 → (W+χ˜01)(W−χ˜01) . (26)
With
√
s = 13 TeV and
∫
dtL = 139 fb−1, the most severe constraint is given by the
ATLAS collaboration, where the 2`+ ET signature is studied [54]. In the ATLAS analysis,
Br(χ˜±1 →W±χ˜01) = 1 is assumed. In our setup, we obtain upper bounds on σ(pp→ χ˜+1 χ˜−1 )
by using
BX
Boriginal
= Br(χ˜±1 →W±χ˜01)2 , (27)
which is approximately unity if χ˜±1 is lighter than l˜L. The ATLAS upper bounds are
available in Ref. [62]. For the theoretical cross section, we calculate the chargino pair-
production cross section at the tree level by MadGraph5 aMC@NLO 2.6.5 [63, 64] with
squarks decoupled. Then, the NLO-NLL cross section is estimated by multiplying the
K-factor calculated from the NLO-NLL cross section [56, 57, 59, 65, 66]. As a result, the
#10Although we show limits with 1 GeV precision here and hereafter, the last digits should not be consid-
ered seriously because we interpolate the upper bounds provided by the ATLAS and CMS collaborations.
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Figure 3: Summary plot of the CC/WW analysis. The theoretical cross section, σX(pp→
χ˜+1 χ˜
−
1 ), is shown by the black solid line together with its tree-level values shown by gray
dashed lines. The red solid line shows the experimental upper limit, σUL;X , applicable if
m
l˜L
> mχ˜±1
; it is obtained from the ATLAS result of the 2` + ET signature [67, 68]. In
addition, the chargino pair-production cross section in the pure-wino (pure-higgsino) limit
is shown by the upper (lower) black dotted line.
cross section is approximated as
σX ≈ σtree(pp→ χ˜
+
1 χ˜
−
1 )
σtree(pp→ W˜+W˜−)
σNLO-NLL(pp→ W˜+W˜−) . (28)
From Eqs. (27) and (28), the ATLAS bound is reinterpreted for our models. Figure 3
shows the results for the model points (C) and (D), while no constraints are obtained for
(A) and (B). The black solid lines show the theoretical cross section σX ; its tree-level value,
σtree(pp → χ˜+1 χ˜−1 ), is also displayed by the gray dashed lines (see Eq. (28)). In addition,
the two black dotted lines show the theoretical cross sections in the pure-wino limit (the
upper line) and in the pure-higgsino limit (the lower line). The red lines are the upper
bounds σUL;X , which are applicable for model points with mχ˜±1
< m
l˜L
. Consequently, the
exclusion regions are obtained in Figs. 1C and 1D, which are 273 GeV < mχ˜±1
< 279 GeV
and 223 GeV < mχ˜±1
< 376 GeV, respectively, with mχ˜±1
< m
l˜L
.
The bound in Fig. 1C is weaker than in Fig. 1D because a larger higgsino component
in χ˜±1 suppresses the production cross section, σ(pp → χ˜+1 χ˜−1 ). In fact, χ˜±1 is wino-like
in the model (D) due to µ = 2M2, and thus σX in the right panel of Fig. 3 becomes
close to the pure-wino value. On the other hand, χ˜±1 in the model (C) is a wino-higgsino
mixture, and σX is amid the pure-wino and pure-higgsino values. Note that, if µ = 2M2
and mχ˜±1
< m
l˜L
, our setup becomes almost equivalent to the ATLAS simplified model.
For both of Figs. 1C and 1D, the regions with mχ˜±1
∼ 200 GeV are not yet constrained.
This is because the mass separation between χ˜±1 and χ˜
0
1 is small. There are no excluded
regions in Figs. 1A and 1B for the same reason. Additional information is provided in
Appendix A.2.
Let us briefly mention the process other than pp → χ˜+1 χ˜−1 , i.e., contributions from
the heavier chargino χ˜±2 . As shown in Appendix A.2, they exhibit cascade decays, e.g.,
χ˜+2 → Zχ˜+1 → ZWχ˜01. Although the cascade may provide characteristic collider signature
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with small SM backgrounds, such analyses have not been performed yet. As they require
Monte Carlo simulation, we do not discuss them in this work.
3.3 Electroweakino pair-production in final state with hW (NC/HW)
The neutralino-chargino pair-production, pp→ χ˜0i χ˜±j , which exhibits various decay signa-
tures, has been studied in various analyses. Important bounds are obtained because the
cross section is large (see Fig. 6 in Appendix A.1). For our model points, three signatures
are expected to give decisive constraints, which we will discuss in this and the following
subsections. The first channel is (Fig. 2c)
pp→ χ˜02χ˜±1 → hχ˜01W±χ˜01 . (29)
The LHC Run 2 results are reported in Refs. [67,69,70]. The leading constraint is given by
the ATLAS collaboration with
∫
dtL = 139 fb−1, where the 1`bb¯+ ET signature is studied
with Br(χ˜02 → hχ˜01) = Br(χ˜±1 →W±χ˜01) = 1 [67]. The result can be interpreted with
BX
Boriginal
= Br(χ˜02 → hχ˜01) Br(χ˜±1 →W±χ˜01) . (30)
This is sizable only if the electroweakinos are lighter than sleptons; otherwise they mostly
decay into sleptons and thus the NC/HW channel becomes irrelevant.
The ATLAS upper bound, σUL(pp → χ˜02χ˜±1 ), is available in Ref. [68]. As we show in
Appendix B, the tree-level cross section is approximately given by
σtree(pp→ χ˜02χ˜±1 )
σtree(pp→ W˜ 0W˜±)
≈ RNC21 , (31)
where RNC21 is defined in Eq. (58) as an analytic function of the electroweakino mixings.
We thus approximate the theoretical cross section as
σX(pp→ χ˜02χ˜±1 ) ≈ RNC21 × σNLO-NLL(pp→ W˜ 0W˜±) , (32)
where the pure-wino cross section, σNLO-NLL(pp → W˜ 0W˜±), is provided in Ref. [56]
(cf. Refs. [57, 59,65,66,71]).
By using Eqs. (30) and (32), we reinterpret the ATLAS and CMS upper bounds for the
process pp→ χ˜02χ˜±1 . Figure 4 shows the result for models in which χ˜02 and χ˜±1 are lighter
than sleptons; otherwise constraints become much looser and irrelevant. The black solid
lines and dashed lines show the theoretical cross section and its pure-wino limit value,
respectively. The three red lines are obtained by the NC/HW analysis [67, 69, 70], while
the four blue curves are from the NC/ZW process described in the next subsection. In
Fig. 4A, the upper bound from Ref. [70] is obtained only at mχ˜± = 275 GeV and thus
displayed by a marker.
As a result, the region in Fig. 1D with 327 GeV < mχ˜±1
< 443 GeV and mχ˜±1
< m
l˜L
is excluded, while no region is excluded for (A), (B), and (C). This situation is similar to
the CC/WW analysis; no regions are excluded when M1 = M2/2 because of the smaller
mass separations, while in the cases with µ = M2 the higgsino component suppresses
the theoretical cross sections. Further discussions, e.g., on contributions from heavier
electroweakinos, are provided in Appendix A.2.
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(C) µ = M2, mχ˜01 = 100 GeV
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Figure 4: Summary plot of the NC/HW and NC/ZW analyses. Each panel corresponds to
the setup (A)–(D). The theoretical cross section, σX(pp → χ˜02χ˜±1 ), is shown by the black
solid lines, and its pure-wino limit value is shown by the black dotted lines. The red (blue)
lines show the upper bounds on the cross section based on NC/HW (NC/ZW) analyses,
which are applicable if mχ˜02 ' mχ˜±1 is smaller than slepton masses. Three LHC results
are considered in the NC/HW analyses; they are respectively based on Refs. [67], [69],
and [70] from top to bottom in the legend. For NC/ZW analyses, four results obtained
from Refs. [70], [72], [73], and [74] (from top to bottom) are considered.
3.4 Electroweakino pair-production in final state with ZW (NC/ZW)
A potentially important channel of the neutralino-chargino pair-production is (Fig. 2d)
pp→ χ˜02χ˜±1 → Zχ˜01W±χ˜01 , (33)
resulting in the ZW + ET signature. The search results are reported by the CMS collab-
oration with
∫
dtL = 36 fb−1 [70] and the ATLAS collaboration with ∫ dtL = 36–139 fb−1
[72–74] with the assumptions Br(χ˜02 → Zχ˜01) = Br(χ˜±1 → W±χ˜01) = 1. We interpret the
results similarly to Sec. 3.3 but with
BX
Boriginal
= Br(χ˜02 → Zχ˜01) Br(χ˜±1 →W±χ˜01) (34)
and obtain upper bounds on σ(pp→ χ˜02χ˜±1 ), which are displayed by the blue lines in Fig. 4.
It is found that no model points are excluded in Fig. 1. This is because Br(χ˜02 → Zχ˜01) is
at most 0.4 in our model points and χ˜02 is not likely to decay into Zχ˜
0
1 even if the decay
12
channel into sleptons are forbidden.#11 Detail discussions, e.g., on the processes with
heavier electroweakinos, are provided in Appendix A.2.
3.5 Electroweakino pair-production in final state with three leptons
(NC/3L)
Electroweakino pair-production pp→ χ˜02χ˜±1 is severely constrained, if sleptons are lighter
than the electroweakinos, because the electroweakinos decay via the sleptons to provide
three leptons in the final state (Fig. 2e):
pp→ χ˜02χ˜±1 →
{
(ll˜L)(νl˜L)→ (llχ˜01)(νlχ˜01) ,
(ll˜L)(lν˜)→ (llχ˜01)(lνχ˜01) .
(35)
This process, NC/3L, is searched for in, e.g., its 3`+ ET or same-sign 2` plus ET signatures
by the CMS and ATLAS collaborations. The latest bounds with
∫
dtL = 36 fb−1 are
provided in Refs. [69, 72], where a simplified model with branching ratios
Br(χ˜02 → e˜Le¯ or e˜∗Le) = Br(χ˜02 → µ˜Lµ¯ or µ˜∗Lµ) = Br(χ˜02 → τ˜Lτ¯ or τ˜∗Lτ) = 1/6 ,
Br(χ˜+1 → e˜∗Lνe or ν˜e¯) = Br(χ˜+1 → µ˜∗Lνµ or ν˜µ¯) = Br(χ˜+1 → τ˜∗Lντ or ν˜τ¯) = 1/3 ,
(36)
is considered. Their results can be reinterpreted with
BX
Boriginal
=
1
0.273
[
Br(χ˜02 → ˜`L ¯`, ˜`∗L`) + 34p2τ→` Br(χ˜02 → τ˜Lτ¯ , τ˜∗Lτ)
]
×
[
Br(χ˜±1 → ˜`∗Lν`, ν˜ ¯`, ˜`Lν¯`, ν˜∗`) + pτ→` Br(χ˜±1 → τ˜∗Lντ , ν˜τ¯ , τ˜Lν¯τ , ν˜∗τ)] . (37)
When the final state includes τ leptons, their contributions are taken into account via
leptonic τ decays. Here, pτ→` ≡ Br(τ → eν¯eντ (γ)) + Br(τ → µν¯µντ (γ)) = 0.352 [50], and
the factor 3/4 takes care of the opposite-sign same-flavor leptons. The overall normaliza-
tion 0.273 is determined such that the right-hand side of Eq. (37) becomes unity for the
branching ratios adopted by the ATLAS and CMS collaborations. On the other hand, the
production cross section, σ(pp → χ˜02χ˜±1 ), is estimated in the same way as Eq. (32), and
σUL(pp→ χ˜02χ˜±1 ) is available in Refs. [69, 76].
An important point in the LHC analyses is that both of the ATLAS and CMS collab-
orations assume specific mass spectra of electroweakinos and sleptons, which determine
the lepton energies. Defining a mass difference ratio,
x =
mµ˜L −mχ˜01
mχ˜±1
−mχ˜01
, (38)
the CMS collaboration considers three different mass spectra, x = (0.05, 0.5, 0.95), while
the ATLAS studies x = 0.5. Following their analyses, we investigate the constraints on the
same mass spectra, x = (0.05, 0.5, 0.95). The corresponding model points are displayed
by the dashed black lines in Fig. 1.
#11The branching ratio of W˜ 0 → ZB˜0 can be ∼ 1 when sign(µM2) is negative (see Eq. (6) in Ref. [75]).
The muon g − 2 anomaly requires sign(µM2) to be positive in the present setup.
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Figure 5: Summary plot of the NC/3L analysis. The theoretical cross section, σX(pp →
χ˜02χ˜
±
1 ), is common to all the xs and shown by the black solid line. By reinterpretation of
the CMS result [69], we obtain upper bounds on the cross section for the model points
with x = 0.05, 0.5, and 0.95, which are respectively drawn by the red dotted, red solid,
and red dashed lines. Reinterpretation of the ATLAS result [72,76] provides upper bounds
for x = 0.5 drawn by the blue solid lines. Each of the upper bounds is evaluated in two
criteria and thus drawn by two lines; the lower line corresponds to the “standard” limit
while the upper one is the conservative limit; see text for details.
Based on Eq. (22) with Eqs. (32) and (37), we obtain the upper bounds σUL;X , which
are shown in Fig. 5 by the red and blue lines. Two lines are drawn for each analysis. The
lower line is obtained by the above-described (“standard”) method, while the upper line
shows the conservative bound, which we explain in the next paragraph; the split shows
uncertainty on our analysis. Consequently, the excluded regions on each x are obtained
as shown by the magenta bars on dashed black lines in Fig. 1; the thicker (thinner)
bars correspond to the conservative (“standard”) exclusion. As the CMS and ATLAS
collaborations report similar bounds for x = 0.5, we use the stronger one in Fig. 1 for
simplicity.
Our results are based on the LHC analyses under the flavor-universal assumptions,
Eq. (36). The CMS collaboration also studied a model in which the chargino decays
exclusively into τ˜ ν¯ [69]. As a crosscheck, we calculated the cross-section upper bounds
for this mode, using our reinterpretation method, Eqs. (22) and (37), and obtained a
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stronger bound than the CMS. This inconsistency should be regarded as an uncertainty
in our analysis and we consider that it mainly originates in an overestimation of the
acceptance of leptons from taus. Namely, we in Eq. (37) assume that leptons from tau
decays are detected with the same efficiency as those from SUSY particles, but in fact the
former ones have smaller energy and thus the efficiency should be smaller. To understand
the influence of this uncertainty, we also evaluate the cross-section upper bounds with
discarding the tau-originating leptons, i.e., with Eq. (36) but pτ→` substituted by zero,
and obtain conservative bounds, shown by the upper lines in Fig. 5. We found that the
conservative bounds are weaker than the “standard” ones by 25–35% as shown in Fig. 5,
and that the results do not change much. For example, for x = 0.5, the end points of the
magenta lines in Fig. 1 are shifted only by O(10) GeV.
We observe in Fig. 1 that this NC/3L channel provides stringent constraints on the
model points with mµ˜L < mχ˜±1
, as we have found in the previous work [20]. The only
exception is for x = 0.95 with µ = M2 (Figs. 1A and 1C). For x = 0.5 or 0.05, the
electroweakinos χ˜02 and χ˜
±
1 mainly decay into l˜L or ν˜. Meanwhile, for x = 0.95, the
degeneracy of sleptons with χ˜02 and χ˜
±
1 suppresses the decays of χ˜
0
2 and χ˜
±
1 into sleptons.
As a result, the decay channels χ˜02 → hχ˜01 and χ˜±1 → W±χ˜01 tend to be dominant for our
model points with x = 0.95 and µ = M2 and no constraints are obtained by this NC/3L
analysis. Note that those model points are not excluded by the NC/HW analysis either.
Meanwhile, in the model points with x = 0.95 and µ = 2M2, the decays χ˜
0
2 → Zχ˜01, hχ˜01
are suppressed by the neutralino mixings and χ˜02 tends to decay into ν˜s, which are slightly
lighter than l˜L.
3.6 Results
All the relevant LHC bounds on the SUSY parameter space for the muon g − 2 anomaly
are summarized in Fig. 1. The bounds from the SLSL, CC/WW, NC/HW, and NC/3L
analyses are shown by the blue-shaded region, red-shaded region with the dashed-dotted
boundary, red-shaded region with the dashed boundary, and magenta bar, respectively.
It is noticed that we have not investigated the NC/3L bounds for arbitrary x value in
Eq. (38). According to the blue-dotted lines in Fig. 1 of Ref. [20], it is expected that the
bounds on x = 0.05, 0.5, 0.95 are continuously connected with a peak around x = 0.5.
For mµ˜L . mχ˜±1 , i.e., the region below the thick black line, it is found that the regions
favored by ∆aµ are severely constrained by the SLSL and NC/3L searches. On the other
hand, for mµ˜L > mχ˜±1
, i.e., the region above the thick black line, it is found that the LHC
bounds are drastically loosened. The SLSL search excludes regions with mµ˜L & mχ˜±1 , and
it is the only bound in the cases of (A) and (B). In the cases of (C) and (D), the CC/WW
and NC/HW searches become relevant. The bound is very loose in (C) because of the
smaller production cross section of the electroweakinos. A wide excluded regions appear
only when the electroweakinos produced are wino-like and the mass splitting between them
and the LSP is sufficient, namely, in the case (D).
4 Conclusions and Discussion
In this paper, we revisited the LHC bounds on the chargino-dominated SUSY solution to
the muon g − 2 anomaly. The latest bounds from the LHC Run 2 are investigated for
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electroweakinos and sleptons. It was found that the model parameter regions are severely
constrained when mµ˜L . mχ˜±1 , while a wide parameter region still survives for mµ˜L & mχ˜±1 .
Interpreting the four panels of Fig. 1, we conclude that models with mµ˜L . mχ˜±1 are
strongly disfavored as the explanation for ∆aµ as far as they satisfy 0 < M1/M2 < 1/2,
1 ≤ µ/M2 ≤ 2, mR & 1 TeV, and tanβ ≤ 40.
In this paper, we focused on µ/M2 ≥ 1. Meanwhile, if higgsinos are lighter than winos,
χ˜02 and χ˜
±
1 are mostly composed of the higgsinos. Then, models with ml˜L > mχ˜±1
receive
more severe constraints from the SLSL search because Br(˜`L → ν`χ˜−1 ) is suppressed by the
lepton Yukawa coupling, and thus Br(˜`L → `χ˜01) is amplified. Meanwhile, the CC/WW
and NC/HW bounds from χ˜02 and χ˜
±
1 are loosened for such model points because the
electroweakino production cross section, σ(pp → χ˜02χ˜±1 ), is likely to be suppressed (see
Appendix A.1). The NC/ZW bound from χ˜02χ˜
±
1 may be relevant because the branching
ratio of χ˜02 → Zχ˜01 is enhanced (see Appendix A.2). Also, contributions from the heavier
electroweakinos, which are now wino-like, are expected to be restrictive. Analysis for
models with µ/M2 < 1 and ml˜L < mχ˜±1
are more complicated. Firstly, because χ˜02 and
χ˜±1 are now higgsino-like and the muon g − 2 anomaly motivates large tanβ, they tend
to decay into τ˜ or ν˜τ as far as the channel do not experience phase-space suppression.
Thus, searches for the two or more tau-leptons plus  ET signature are expected to be
sensitive to such models. Further discussion is found in, e.g., Ref. [28]. In addition,
the heavier electroweakinos, especially wino-like ones, become relevant for these models
because of their larger production cross sections. They provide cascade-decay signatures,
e.g., χ˜+2 → W+χ˜02 → W+Zχ˜01, or may result in the NC/3L decay process. Dedicated
Monte Carlo analyses are necessary to study the signatures.
One may think of increasing tanβ, which we fix tanβ = 40 as a reference value. The
SUSY contributions to the muon g−2 are almost proportional to tanβ; aSUSYµ is amplified,
e.g., by 50 % for tanβ = 60. On the other hand, the LHC bounds are less sensitive to
tanβ as long as tanβ & 10 and the above conclusion does not change.
In the cases (A) and (B), the quasi-GUT relation M1 : M2 = 1 : 2 was considered,
while the gluino g˜ was assumed to be decoupled. If we include the gluino and use the GUT
relation M1 : M2 : M3 ' 1 : 2 : 6, a large portion of the parameter space is constrained
by the gluino searches. According to LHC Run 2 results [77, 78], gluino is excluded up
to mg˜ ∼ 2 TeV, which implies the region of mχ˜±1 . 600 GeV in Fig. 1 would be excluded,
although decisive bounds strongly depend on squark mass spectra as well as the gluino
branching ratios.
In our analysis, we have focused on the parameter regions where the LSP is the lightest
neutralino. In Fig. 1, near the boundary of the gray-filled region (around the black solid
line of x = 0.05), the thermal relic abundance of the LSP can explain the observed dark
matter abundance by the coannihilation between the LSP neutralino and the slepton.
However, in the current setup, the LHC constraints already excluded most of the regions
that can simultaneously explain the thermal relic abundance and the muon g−2, and part
of those regions are also constrained by the direct detection experiments (cf. Refs. [28,30,
32,33,35,42]).
Let us compare the results with our previous result, namely, Figs. 1A and 1B with
Fig. 1 (a) and (b) of Ref. [20]. Two differences in the model set-up should be in mind;
firstly, the previous work includes models with M1 : M2 : M3 = 1 : 2 : 6 in its scope,
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and thus bounds from gluino searches, which we called “J-search”, were drawn. The
corresponding bounds are not provided in this work, just briefly discussed in this section,
as we concentrate on M3  M2. The other bounds, once we called “L-search” bounds
and drew by the blue curve, correspond to the NC/3L bound in this work. However,
here comes the second difference: the previous work assumes staus are decoupled, while
here τ˜L and ν˜τ have similar mass as ˜`L and ν˜`. The “L-search” results should not be
directly compared to the NC/3L results because the new setup allows electroweakinos to
decay into staus as well; if we did our analysis under the previous setup, it would give
BX/Boriginal ≈ 0.5/0.273 according to Eq. (37), and the resulting σUL;X would be stronger
by a factor ∼ 1.8. Keeping these two differences in mind, and noting that the previous
(new) figures are drawn with the soft mass parameter (the physical masses) as the axes,
we find that the LHC Run 2 has provided surprisingly good sensitivity to the parameter
space motivated by the muon g − 2 anomaly.
Finally, we briefly comment on the future prospects. According to Refs. [79, 80], the
HL-LHC may test the region with mχ˜±1
. 1.2–1.3 TeV of a simplified model by analyzing
the NC/HW channel. At a future 100 TeV pp collider, the parameter region with mχ˜±1
.
1.4 (3.4) TeV can be tested when M1 = M2/2 (mχ˜01 = 100 GeV) is taken [75, 81]. Indirect
searches at future colliders also probe the electroweakinos [82–85]; for example, a 100 TeV
pp collider has potential to exclude charginos with mχ˜±1
. 1.7–2.3 TeV.
If the muon g − 2 anomaly is strengthened and confirmed by the future experimental
and theoretical studies, it will be a strong motivation for the BSM physics at around the
electroweak scale, including the low energy SUSY. We hope that this study will be a useful
step for further studies and the model building in such a scenario.
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Diagrams in Fig. 2 are drawn with TikZ-Feynman [86].
A Auxiliary materials
In this appendix we provide extra materials and additional discussions.
A.1 Electroweakino production cross section in pure-ino limits
Figure 6 illustrates the electroweakino pair-production cross section at the LHC with√
s = 13 TeV in the pure-wino and pure-higgsino limits. Here, squarks are assumed to
be decoupled, and only the Drell-Yan processes, i.e., diagrams with s-channel exchange
of SM gauge bosons, contribute to the production at the leading order. The values are
calculated at the NLO-NLL accuracy [57,59,65,66,71] and obtained from Ref. [56]. For the
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Figure 6: Pure electroweakino pair-production cross sections at the NLO-NLL accuracy
at the LHC with
√
s = 13 TeV, where squarks are decoupled and only the Drell-Yan pro-
cesses contribute. Masses of the produced electroweakinos are assumed to be degenerate.
Contributions from χ˜+ and χ˜− are summed in the neutralino-chargino pair-productions.
pure-higgsino limit, in which two higgsinos compose two degenerate neutralinos denoted
by H˜0i (i = 1, 2), the neutralino-chargino production cross section is effectively twice as
large as the red solid line. It is shown that
σ(pp→ W˜ 0W˜±) > σ(pp→ W˜+W˜−) > σ(pp→ H˜0i H˜±) > σ(pp→ H˜+H˜−) , (39)
where each of the differences is around a factor of two.
A.2 Auxiliary plots for the electroweakino analyses
We provide auxiliary materials for analyses of the electroweakino productions, CC/WW,
NC/HW, and NC/ZW. The masses of electroweakinos are shown in Fig. 7. The four
panels respectively correspond to, from left to right, each of the setups (A), (B), (C), and
(D) in Eq. (12) and Fig. 1; in particular, the first two panels are under the quasi-GUT
assumption M1 = M2/2, while the latter two are with mχ˜01 = 100 GeV. Since we use
the masses and mixings calculated at the tree level, they are independent of the slepton
masses (the vertical axis of Fig. 1).
Figure 8 shows the branching ratios of χ˜±i into W
±χ˜01, while the branching ratios of
χ˜0i are shown in Fig. 9. All the figures are drawn with the assumption that each of the
electroweakinos are lighter than the sleptons (l˜L and ν˜); otherwise it may decay into the
sleptons and its branching ratios into SM bosons become much smaller than the plotted
values.
Let us revisit the result of NC/HW and NC/ZW analyses, namely Fig. 4. Both analyses
are relevant because χ˜02 has two sizable decay channels, Zχ˜
0
1 and hχ˜
0
1, when its decays into
sleptons are kinematically forbidden. These branching ratios form the B-ratio in Eq. (20)
as (
BX
Boriginal
)
ij
=
{
Br(χ˜0i → hχ˜01) Br(χ˜±j →W±χ˜01) for NC/HW,
Br(χ˜0i → Zχ˜01) Br(χ˜±j →W±χ˜01) for NC/ZW,
(40)
where we extend the definition to general process pp→ χ˜0i χ˜±j . Since this factor is smaller
than one, the cross section upper bound σUL;X becomes larger than its original value,
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Figure 7: The mass spectra of electroweakinos (χ˜01–4 and χ˜
±
1–2) in (A), (B), (C), and (D)
in Eq. (12) from left to right, respectively.
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Figure 8: Chargino branching ratios into W±χ˜01 for model points in which the chargino
is lighter than sleptons; otherwise, the branching ratio is smaller than displayed. As in
Fig. 7, panels respectively correspond to (A), (B), (C), and (D) from left to right.
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Figure 9: Neutralino branching ratios for model points in which the neutralino is lighter
than sleptons; otherwise, the branching ratio is smaller than displayed. As in Figs. 7 and
8, panels respectively correspond to (A), (B), (C), and (D) from left to right.
σUL;original, as stated in Eq. (22). Meanwhile, in Eq. (31), we approximately give the
theoretical cross section by σX ≈ RNCij σwino. It means, in Fig. 4, the cross section σX is
obtained by shifting the σwino line downwards by the factor R
NC
21 . Figure 10 shows the
cross section reduction factors RNCij for our model points. Then, in similar manner, one
may consider that the curves of σUL;X are obtained by shifting σUL;original upwards by
the factor (Boriginal/BX)21. Here, the lines for σUL;original will be the same in all the four
panels if drawn.
It is then found useful to introduce the effective yield,
Yij ≡ RNCij ·
(
BX
Boriginal
)
ij
(41)
for each of NC/HW and NC/ZW, and for all the possible production channels. Their
numerical values are shown in Figs. 11 and 12. With Yij , Eq. (22) is rewritten as
Yij · σNLO-NLL(pp→ W˜ 0W˜±) > σUL;original . (42)
This implies that the original bounds are loosened by the two factors, RNCij coming from
the cross section reduction and (BX/Boriginal)ij coming from the branching ratio, which
are smaller than one in our model points. Notably, Y
NC/HW
21 is significantly larger than
Y
NC/ZW
21 for all the model points because χ˜
0
2 mainly decays into hχ˜
0
1. Therefore, although
searches for the ZW± +  ET signature tend to give smaller σUL;original than those for
hW± + ET, an exclusion is obtained only in the NC/HW analysis.
Let us now briefly discuss the contributions from heavier electroweakinos, i.e., pp →
χ˜0i χ˜
±
j with (i, j) 6= (2, 1).#12 From Figs. 11 and 12, we find that such contributions are
negligible in NC/HW; it is sufficient to consider pp→ χ˜03χ˜±1 in NC/ZW, and in the cases
with M2 = µ. For the case (C), however, the χ˜
0
3χ˜
±
1 contribution is at most comparable
to the χ˜02χ˜
±
1 contribution, and in fact less because χ˜
0
3 is heavier than χ˜
0
2. Therefore,
from Fig. 4C, it is observed that no region will be excluded even if we consider the χ˜03χ˜
±
1
contribution.
In the case (A), in fact, the NC/ZW signature is mainly provided by χ˜03χ˜
±
1 , not by
χ˜02χ˜
±
1 , because the branching ratio Br(χ˜
0
3 → Zχ˜01) is significantly larger than that of χ˜02
enough to compensate RNC31 , which is smaller than R
NC
21 because of the higgsino compo-
nent in χ˜03. Consequently, χ˜
0
3χ˜
±
1 process will provide the best sensitivity for the NC/ZW
analysis in this case (A). The full analysis requires Monte Carlo simulation because in the
LHC results, σUL;original is reported with an working assumption that the neutralino and
chargino have a common mass; the χ˜03χ˜
±
1 pair has mass difference of ∼ 50 GeV (see Fig. 7)
and its collider signature will be different from those with a common mass. Nevertheless,
we may argue that this NC/ZW signature from χ˜03χ˜
±
1 pair would not exclude any param-
eter space in Fig. 1A. From Fig. 4A, the ratio σUL;X/σX is larger than 10; this gap will
be smaller in the χ˜03χ˜
±
1 case but only by Y
NC/ZW
31 /Y
NC/ZW
21 ≈ 2, which is far insufficient
to have a exclusion region. One may also check that the larger mass difference mχ˜03 −mχ˜01
does not considerably improve this situation. Therefore, we conclude that χ˜03χ˜
±
1 does not
provide additional exclusion region even in Fig. 1A, which will stay even with full 139 fb−1
results.
#12For the case (i, j) = (1, 1), the production cross section is likely to be suppressed.
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Figure 10: The cross section reduction factor RNCij for our model points; panels respectively
correspond to (A), (B), (C), and (D) from left to right.
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Figure 11: The effective yield, defined in Eq. (41), of the NC/HW analysis of pp→ χ˜0i χ˜±j
production. Each panel, from left to right, corresponds to the parameter set (A)–(D) in
Eq. (12) and Fig. 1. The values are for the model points with χ˜0i and χ˜
±
j heavier than the
sleptons; otherwise they are significantly smaller.
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Figure 12: The same as Fig. 11 but of the NC/ZW analysis.
B Neutralino-chargino production cross section
In this appendix, we discuss the cross section ratio
σtree(pp→ χ˜0i χ˜±j )
σtree(pp→ χ˜0i χ˜±j )|wino
(43)
under the assumption that all squarks are decoupled. Here, χ˜01–4 and χ˜
±
1,2 are mass eigen-
states of neutralinos and charginos, respectively. Also, σtree(pp→ χ˜0i χ˜±j )|wino is the tree-
level cross section in the wino-like limit, which will be defined below. If mχ˜0i
= mχ˜±j
, it
equals to the pure-wino production cross section
σtree(pp→ W˜ 0W˜±), (44)
whose NLO-NLL values are shown in Fig. 6. Here, W˜ 0 and W˜± represent the pure-winos,
sharing a common tree-level mass because of the gauge symmetry. We will first give the
tree-level production cross section of
qq′ → χ˜0i χ˜±j , (45)
and then show that the production cross section in the pure-wino limit is four times larger
than that in the pure-higgsino limit. Finally, we will see that Eq. (31) holds.
From SU(2)L gauge interactions, neutralino-chargino-W interactions are obtained as
Lχ˜0χ˜∓W± = ψχ˜0i γ
µ [(gL)ijPL + (gR)ijPR]ψχ˜−j
W+µ − ψχ˜0i γ
µ
[
(gL)
∗
ijPR + (gR)
∗
ijPL
]
ψχ˜+j
W−µ ,
(46)
where gL,R are defined by
(gL)ij = −g2
(
Ni2U
∗
j1 +
1√
2
Ni3U
∗
j2
)
, (47)
(gR)ij = −g2
(
N∗i2Vj1 −
1√
2
N∗i4Vj2
)
. (48)
Here, the SLHA2 notation [87] is used: in the four-component notation, the mass eigen-
states are defined by
ψχ˜0i
=
(
χ˜0i
χ˜0 ∗i
)
, ψχ˜±j
=
(
χ˜±j
χ˜∓∗j
)
, (49)
where
χ˜0i = Nip

−iB˜
−iW˜ 3
H˜0d
H˜0u

p
, χ˜+j = Vjp
(
−iW˜+
H˜+u
)
p
, χ˜−j = Ujp
(
−iW˜−
H˜−d
)
p
(50)
with Nip being 4× 4 complex mixing matrix and Vip and Uip being 2× 2 matrices.
22
Discarding the light quark mass contributions and approximating [VCKM]ud = 1, the
squared scattering amplitude becomes∑
color
∑
spin
∣∣∣M(ud¯→ χ˜0i χ˜+j )∣∣∣2 = 2g223(s−m2W )2
{
Re
[
(gL)ij(gR)
∗
ij
]
mχ˜0i
mχ˜+j
(pu · pd¯)
+ |(gL)ij |2 (pψ
χ˜0
i
· pd¯)(pψχ˜+
j
· pu) + |(gR)ij |2 (pψ
χ˜0
i
· pu)(pψ
χ˜+
j
· pd¯)
}
,
(51)
where s ≡ (pu+pd¯)2 ' 2(pu ·pd¯). For the opposite-charge process du→ χ˜0i χ˜−j , the squared
amplitude is obtained by replacing Eq. (51) as
pu → pd , pd¯ → pu¯ , pψχ˜+
j
→ pψ
χ˜−
j
, (gL)ij → −(gR)∗ij , (gR)ij → −(gL)∗ij . (52)
In the pure-wino limit, the mixing matrices satisfy
Ni2 = 1 , Vj1 = Uj1 = 1, (53)
which lead to
gL = −g2 , gR = −g2 ; |gL|2 = |gR|2 = Re(gLg∗R) = g22 . (54)
On the other hand, in the pure-higgsino limit, the two higgsinos form two degenerate
neutralinos, and the mixing matrices become
(Ni3, Ni4) =

(
i√
2
, i√
2
)
,(
−1√
2
, 1√
2
)
,
Vj2 = Uj2 = 1 , (55)
which lead to
gL =
−Ni3g2√
2
, gR =
N∗i4g2√
2
; |gL|2 = |gR|2 = Re(gLg∗R) =
g22
4
. (56)
As a result, the production cross section in the pure-wino limit is four times larger than
each of the productions in the pure-higgsino limit. This property holds well at the NLO-
NLL level, as shown in Fig. 6.
Next, let us define
(cLL)ij =
|(gL)ij |2
g22
, (cRR)ij =
|(gR)ij |2
g22
, (cLR)ij =
Re[(gL)ij(gR)
∗
ij ]
g22
, (57)
and
RNCij = mean [(cLL)ij , (cRR)ij , (cLR)ij ] . (58)
In the pure-wino limit, cLL = cRR = cLR = 1, while in the pure-higgsino limit they are
1/4. From Eq. (51) it is found that, if cLL = cRR = cLR, the cross section is given by
σtree(pp→ χ˜0i χ˜±j ) = RNCij × σtree(pp→ χ˜0i χ˜±j )|wino , (59)
and that the kinematic distribution of the produced electroweakinos are the same as its
wino-like limit at the leading order.
This relation cLL = cRR = cLR is found to hold well in our model points, especially for
(i, j) = (2, 1), as is displayed in Fig. 13. Therefore, because χ˜02 and χ˜
±
1 are degenerate in
our model points, the production cross section is approximately given by
σtree(pp→ χ˜02χ˜±1 ) ≈ RNC21 × σtree(pp→ W˜ 0W˜±) . (60)
We utilized this relation in Eq. (31).
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Figure 13: The numerical values of cLL,LR,RR defined in Eq. (57) for χ˜
0
2χ˜
±
1 production
in our models (A)–(D) from left to right. They are independent of the slepton masses
because we calculate the electroweakino masses and mixings at the tree-level.
C List of LHC results in our analysis
This appendix summarizes the LHC Run 2 results (
√
s = 13 TeV) compiled in our analysis.
The exclusion regions in Fig. 1 are based on
• Ref. [54] by ATLAS collaboration (SLSL, 139 fb−1),
• Ref. [67] by ATLAS collaboration (CC/WW and NC/HW, 139 fb−1),
• Ref. [69] by CMS collaboration (NC/3L, 35.9 fb−1),
• Ref. [72] by ATLAS collaboration (NC/3L, 36.1 fb−1).
Upper bounds for the following references are also considered in Fig. 4:
• Ref. [70] by CMS collaboration (NC/HW and NC/ZW, 35.9 fb−1),
• Ref. [73] by ATLAS collaboration (NC/ZW, 36.1 fb−1),
• Ref. [74] by ATLAS collaboration (NC/ZW, 139 fb−1).
In addition, we have checked the following works, which are possibly relevant for our model
points:
• Ref. [88] by CMS collaboration, 35.9 fb−1,
• Ref. [89] by CMS collaboration, 35.9 fb−1,
• Ref. [90] by CMS collaboration, 77.5 fb−1,
• Ref. [91] by CMS collaboration, 35.9 fb−1,
• Ref. [92] by ATLAS collaboration, 139 fb−1,
• Ref. [93] by CMS collaboration, 35.9 fb−1,
• Ref. [94] by CMS collaboration, 35.9 fb−1,
• Ref. [95] by CMS collaboration, 35.9 fb−1,
• Ref. [96] by CMS collaboration, 35.9 fb−1,
• Ref. [97] by CMS collaboration, 77.2 fb−1,
• Ref. [98] by CMS collaboration, 77.2 fb−1,
• Ref. [53] by ATLAS collaboration, 139 fb−1.
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